Site-selective growth of multi-walled carbon nanotubes (MWCNTs) from an iron oxide nanoparticle catalyst patterned by drying-mediated self-assembly technique is present. The ethanol solution of the iron nitrate was employed as catalyst precursor. The catalyst precursor was mounted on silicon wafer by dip-coating. After evaporation of solvent at room temperature, the catalyst pattern formed. The catalyst pattern was employed to synthesize carbon nanotube pattern by chemical vapor deposition of ethanol vapor after oxidation of iron nitrate. The patterned array of MWCNTs was obtained with a dot size of around 5 µm and the distance of about 25 µm. The present method offers a simple and cost-effective method to grow carbon nanotubes with self-assembled patterns.
Introduction
Many applications of carbon nanotubes require substrate, on which carbon nanotubes are grown site-selectively and, in more sophisticated devices, on which the carbon nanotubes pattern are required at the same time [1] . The field-emission display is one of the most advanced applications that utilize a conducting substrate to inject electrons into carbon nanotubes [2, 3] . In practice, it is very crucial to pattern carbon nanotubes so as to correspond to each pixel [4] .
Generally, in order to pattern carbon nanotubes, a chemical vapor deposition method is introduced to the patterned catalyst, from which the carbon nanotubes grow. For the catalyst patterning, three approaches have been mainly reported so far. First, one approach is based on a standard lithographic technique [5] [6] [7] [8] . For example, an electron-beam lithographic technique was utilized to pattern Ni thin film and obtained patterned arrays of nanotubes by a plasma-enhanced CVD method [5] . Second, another interesting approach is a micro-contact printing (µCP) technique [9] . It is reported that the patterning of aligned nanotube arrays by transferring an Fe catalyst using a poly(dimethylsiloxane) stamp whose surface is wetted with ethanol solution of Fe(NO 3 ) 3 . However, in the µCP technique, the help of a lithographic technique in making the stamp is needed. Third, an ink-jet printing (IJP) technique has been employed in the site-selective growth of carbon nanotubes [8] . Co nanoparticle dispersion was applied as "catalyst ink". The following CVD reaction gave a patterned array of MWCNTs [8] . Among these methods mentioned above, expensive lithography or super-fine facility is required.
Recently, a drying-mediated self-assembly technique has attracted increasing interest as a powerful tool in fabricating devices, due to low cost, and advantages in easily adjusting the composition and concentration of the catalyst. Many experimental techniques used for making assemblies of nano-particles involve the evaporation of solvents. A new theoretical treatment, which is based on a simple model that includes the dynamics of the evaporating solvent, succeeds in predicting all observed morphologies generated by this process at any time scale and length scale. According to this theory, simulations using the model also predict network structures that have not yet been explored [10] . The self-assembly process can be carried out by using solvent evaporation method. When the solvent evaporate homogeneously, locally ordered morphology form gradually. So the resulting structure can be obtained through controlling the assembly process.
Experimental
We employed ethanol solution-based method to prepare catalyst. The solution-based catalyst precursor containing iron nitrate has been cast into film-like iron/silicon substrates for patterned growth of MWCNTs. For pattern of catalyst, the catalyst precursor iron nitrate was mixed with ethanol. The typical concentration of iron is 0.01wt %. No surfactant was used. We patterned the catalyst precursor on a Si substrate by using drying-mediated self-assembly method. The patterns of catalyst were subjected to thermal CVD reaction. The MWCNT synthesis has been investigated for growing aligned carbon nanotubes [11] . We found the optimal temperature is 700 °C. The ethanol (carbon source) evaporation rate is about 5 mL an hour. The catalyst patterned substrate was pretreated at 450 °C for 30 min prior to the nanotube growth. The CVD synthesis of nanotubes was carried out at 700 °C in ethanol vapor for 30 min. Schematic diagram of the growth of CNT pattern is shown in Fig. 1(a ) . HRTEM and FE-SEM were employed for observing microstructure of MWCNT and CNT pattern. The locally ordered catalyst pattern formed and then carbon nanotubes were selectively grown on the catalyst patterns. The catalyst precursor solution containing iron nitrate has cast into particle-like catalyst on the top of surface of Si substrate for forming locally ordered catalyst patterns due to the unique self-assembly capability of the solution-based catalyst precursor under the surface tension. This self-assembly process for the formation of local regular micro-patterns of catalyst particles on the top surface of Si substrate is determined by many factors [12, 13] , including the chemical composition and the physical properties such as surface free energy and viscosity of the solution, the surface condition such as hydrophobic or hydrophilic of the surface of silicon wafer, the stability and thickness of the dip-coated solution film on the surface of silicon wafer, and the difference in surface free energy among the solution film and silicon wafer.
HRTEM image [ Fig. 1(b) ] shows that the carbon products have a hollow structure. Moreover, the graphitic sheets in the wall of this MWCNT are almost parallel to the nanotube axis. The MWCNT has clear graphene layers, but also has some structural defects, as is widely observed in CVD-grown MWCNTs. The outer diameter and inner diameter of this nanotube are about 20 nm and 10 nm, respectively.
Summary
In summary, we have synthesized patterned arrays of MWCNTs with the dot size of 5 µm by a drying-mediated self-assembly technique and CVD growth. The present drying-mediated self-assembly technique-based nanotube patterning method may find possible application in field-emission displays or other electronic devices, when it is combined with standard device fabrication processes. This method we have used is a promising method for fabricating carbon nanotube-based devices, such as field emission flat display. But the method is not limited to the patterned growth of carbon nanotubes. It also seems to pattered growth of other quasi-one-dimensional materials such as nanowires. This work provides a rational basis for generating structured assemblies of carbon nanotubes, and could eventually lead to the design of optical and electronic devices with statistically controlled meso-scope-scale features.
We believe that our method may serve as a general and simple methodology for designing and fabricating self-assembled structures with the desired multi-scale features. The effect of factors such as hydrodynamic convection, non-local interactions and film thickness on self-assembly should be investigated for better controlling formation of ordered pattern in large area.
